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ABSTRACT: The sustained release of levonorgestrel, a contraceptive, from
silk-based microneedle patches was demonstrated for transdermal delivery.
Modifications in the formulation of the silk protein and drug loading enabled
the tuning of drug loading and release rates from the microneedle patches
over time. Sustained drug release reached up to 100 days when the drug was
loaded directly inside the microneedles, while release continued for more
than a year when the drug was loaded inside microparticles prior to casting
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to have access to new options for protection against unwanted pregnancy. - s T e S R o HE
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B INTRODUCTION long-term sustained release and safety.”” New delivery systems

to overcome these limitations would enhance the therapeutic

Voluntary family planning has contributed to advances in public
portfolio of transdermal drug delivery options. Recently, an MN

health and to a woman’s options regarding reproduction.

Women can make the decision about having children, patch based on poly(lactic acid) (PLA) and poly(lactide-
contributing to the diminution of unwanted pregnancies and coglycolide acid) (PLGA) was developed for the sustained
newborn deaths.! However, due to the limited choice of release of the contraceptive hormone levonorgestrel (LVN).'’
methods and access to contraception, as well as cultural or The majority of the drug delivery systems on the market
religious constraints, approximately 214 million women in currently use synthetic polymers such as the PLA and PLGA, yet
developing countries have limited access to contraceptives and natural polymers such as collagen and silk proteins generate
family planning." For example, the use of modern contraceptives useful alternatives, including noninflammatory degradation
is accessible to less than 20% of women in Sub-Saharan Africa products and aqueous processing conditions to enhance the
and one-third of women in Southeast Asia. Globally, between retention of bioactive features of the drugs to be delivered.' "'
2010 and 2014, 44% of pregnancies were unwanted; of which Silk protein is a structural protein utilized in FDA-approved
25% resulted in unsafe abortions.”’ To ensure the safety and medical devices, safe in humans, fully degradable over time, and
well-being of all women, access to family planning and modern can be formed into mechanically robust materials. This protein
contraceptive methods is critical. provides a versatile set of options in terms of material formats

Transdermal microneedle (MN) patches are a painless and structures that can be manipulated with respect to drug

method of drug delivery, offering a preferred administration
route over injection. MN patches penetrate the skin barrier and
deliver therapeutics like proteins, peptides, vaccines, and small
molecules.” Compared to oral delivery, where more extreme
chemical conditions in the gastrointestinal tract can result in the ] —
degradation of protein-based drugs, transdermal delivery avoids Received:  June 3, 2020 o o
these problems, enabling absorption via dermal circulation.”™” AccePted: July 7, 2020 ‘
MNs are noninvasive and pain-free modes of drug admin- Published: July 7, 2020
istration, thus increasing patient acceptance and compliance.

However, biocompatible materials and control over the release

profile of drugs remain a challenge, particularly with respect to

stability and delivery due to the high molecular amphiphilic
nature of the silk protein polymer, including the release
kinetics."> Tunable drug release and nontoxic degradation

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsabm.0c00671

W ACS PUbl ications 5375 ACS Appl. Bio Mater. 2020, 3, 5375-5382


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Burcin+Yavuz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Chambre"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristin+Harrington"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+Kluge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Livio+Valenti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+L.+Kaplan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+L.+Kaplan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.0c00671&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aabmcb/3/8?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/8?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/8?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/8?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c00671?ref=pdf
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html

ACS Applied Bio Materials

www.acsabm.org

products (amino acids) have prompted the study of silk fibroin
from silkworms for drug delivery systems.'*~'® Multiple release
studies with antibiotics, chemotherapeutic drugs, and antibodies
demonstrated the ability of silk to sequester, stabilize, and to
provide sustained release of therapeutic molecules ranging from
small molecule to complex proteins using a diverse set of silk
material delivery formats such as foam, films, gels, tubes, and
particles.'”~** Previously, we demonstrated the fabrication of
high-aspect-ratio silk MNs and showed the release of large
molecules and antibiotics with these systems.”” Silk-based MNs
arrays were used for the successful delivery of vaccines against
human immunodeficiency virus (HIV), influenza, Clostridium
difficile, and Shigella.”*>° The main advantages of silk-based
MN patch delivery systems include drug stabilization in the
matrices to provide shelf-stable material systems without a need
for refrigeration, processing of the silk and drug into MN patches
in aqueous media to support the retention of drug bioactivity,
degradation of the patches in vivo without inflammatory
degradation products, preservation of the bioactivity of peptides
and complex proteins formulated in the silk, formation of depot
release reservoirs in the dermal space to sustain delivery, and
modulation of the release kinetics of the drug by changing silk
processing methods.

In the present study, we report the fabrication of silk-based
MN patches for the sustained delivery of LVN, a synthetic
progestin used in contraception and hormone therapy. We
demonstrate that different loadings of the drug, such as via pre-
encapsulation in silk microparticles (MPs) or freely inside the
MN, the release kinetics of the drug can be tuned. Moreover, to
provide further control of the release profiles, different
molecular weights of the silk, as well as the use of solubility
enhancers, were utilized in the study to further modulate release
kinetics and sustained release of the drug.

B MATERIALS AND METHODS

Silk Fibroin Isolation. Silk fibroin was isolated from Bombyx mori
cocoons as previously described.”” Briefly, silk fibroin protein was
extracted from Bombyx mori cocoons (Tajima Shoji Co., Japan) by
boiling in a 0.02 M sodium carbonate solution for 30, 60, or 120 min

PDMS mold / Cast Silk-Drug After Vacuum
/ /4 //
gAYy 7 A

Silk Backing Water Annealing Final Patch

Figure 1. Fabrication process for LVN-loaded silk fibroin MNs. PDMS
molds were filled with the silk-LVN solution and placed under vacuum
to force material into the needle voids. Additional silk was subsequently
added for the robust backing after overnight drying under ambient
conditions. Silk MNs were water annealed and demolded to obtain a
patch of 1.5 X 1.5 cm?, comprised of 400 needles, each with a length of
700 um and a base of 400 ym.
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(hereafter referred to as low molecular weight (LMW), medium
molecular weight (MMW), and high molecular weight (HMW),
respectively) to remove the sericin.”® The extracted silk fibroin was then
dried for 12 hin a chemical hood before being dissolved in a 9.3 M LiBr
solution at 60 °C for 4 h for solubilization, yielding a 20% w/v solution.
This solution was dialyzed against distilled water using Pierce Slide-a-
Lyzer cassettes, MWCO 3500 Da (Rockford, IL) for 3d to remove the
LiBr. The solution was centrifuged (14 000 rpm, 20 min cycle) to
remove aggregates formed during purification. The final concentration
of the aqueous silk fibroin (hereafter referred to as SF) was ~6—8% w/
V.

Preparation of Silk Fibroin Microparticles. To prepare silk MPs,
the silk solution was diluted in water to 6 wt %, and 3 mL of this solution
was mixed with 12 mL of S wt % poly(vinyl alcohol) (PVA, Sigma, St.
Louis, MO) solution. After mixing, the solution was transferred to open
polystyrene petri dishes (100 mm), and all dishes were placed in a fume
hood to dry overnight.”” The dried films were then peeled off the dish
and the poly(vinyl alcohol) was dissolved in phosphate-buffered saline
(PBS), and the solution was centrifuged to obtain the residual silk MPs.
The MP pellet washed with PBS and resuspended for lyophilization.
Levonorgestrel (LVN, Sigma, St. Louis, MO) was suspended in ethanol
(EtOH, Sigma, St. Louis, MO) and incubated with microparticles at
10% (wt/wt) of total MP amount for 3 days using constant stirring.
After 3 days, the caps of the vials were opened to allow the EtOH to
evaporate. The drug-loaded MPs were then washed with EtOH to
remove excess drug that were not bounded to the MPs and resuspended
in PBS for lyophilizing.

Characterization of Silk Fibroin Microparticles. Fourier
Transform Infrared (FTIR) Spectroscopy. Silk materials were analyzed
for structural features via a JASCO FT-IR 6200 spectrometer (JASCO,
Tokyo, Japan) combined with a MIRacle attenuated total reflection
(ATR) germanium crystal. Background measurements were recorded
before sample reading and subtracted from the sample spectrum. For
each measurement, spectral scans were run from 1550 to 1750 cm ™" ata
resolution of 2 cm™ for 128 scans per sample. Three samples were
measured for each group. The secondary structure was evaluated as we
have previously reported.’® Briefly, Fourier self-deconvolution (FSD)
of the FT-IR spectra covering the amide I region (1590—1710 cm™)
was performed using Opus 5.0 software. Spectra were deconvoluted
using a Lorentzian line shape, a half- bandwidth between 25 and 26
cm™, a noise reduction factor of 0.3, and apodization with a Blackman—
Harris function. A baseline correction for the deconvoluted amide I
region was subtracted before curve fitting. For curve fitting, Gaussian
line shape profiles were input at positions (in cm™) that correlated with
the second derivative of the original spectra, and the input for peak
width was kept constant at the software’s default value of 6 cm™ for all
peaks. Eleven fitted bands were chosen to define the secondary
structure of amide I. Assignments for each band were based on those in
our prior report.’® Relative areas of the single bands were used to
determine the fraction of the structural element (N = 3, where three sets
of scans were obtained for the same sample).

Particle Size Analysis. The particle size of the MPs was measured
using a Microbrook 2000L (Brookhaven Instruments, Holtsville, NY)
that combines laser diffraction and high-angle detection techniques and
is capable of measuring a broad size range between 20 nm and 2000 ym.
The sample was prepared according to the manufacturer’s instructions.
Reading was done following the manufacturer’s instructions. Measure-
ments were made using the Mie distribution method, and the results are
presented as the cumulative size distribution of the MPs.*"

Scanning Electron Microscopy (SEM) Analysis of Micropatrticles.
SEM was performed to evaluate the morphology of the silk
microparticles and LVN using a Zeiss EVO-I0OMA microscope
(Zeiss, Oberkochen, Germany) at SkV accelerating voltage. Prior to
imaging, the MP samples were fixed onto SEM sample holders using a
carbon tape and then coated with ~10 nm gold using a SC7620 sputter
coater (Quorum Technologies, U.K.).

Preparation of Silk Fibroin Microneedle Patches. Drop cast
MNss were prepared using poly(dimethylsiloxane) (PDMS) molds as
previously described.”* The molds were patterned with a 20 X 20 array
of conical MNs, each MN with a 700 ym height, 15 ym tip diameter,
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Figure 2. FTIR spectra: (A) MPs with different LVN ratios; (B) LVN, blank MPs, and LVN-loaded MPs; (C) percentage of the silk secondary
structural content in formulations based on FTIR (all data represent mean + SD for n = 3). LVN characteristic peak (2900 cm™") observed in LVN-
loaded MPs spectrum (A), as an indication of the presence of nonencapsulated drug. LVN characteristic C=0 peak overlaps with silk random coil
peaks around 1650 cm™" (A), thus the random coil ratio in silk was higher for higher percentages of LVN where there is more free drug available. (C)

sheet content >30% for all formulations.
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Figure 3. Particle size distributions of (a) HMW, 6% MPs and (b) MMW, 6% MPs. Results are presented as the cumulative size distribution of the
MPs. D10 refers to the portion of particles with diameters smaller than this value, here 10%, DS0 for 50%, and D90 90%. HMW MPs have a D50
(median diameter) value of 13.19 ym with a span ((D90—D10)/D50) of 0.358, whereas medium MW MPs have a D50 value of 14.42 ym with a span

of 1.052.

and 360 ym base diameter. In total, 5 mg/mL of powder LVN or an
equivalent amount of silk MPs were mixed with MMW 7% silk.
Alternatively, to prepare high-dose LVN-MNs, 20 mg/mL of LVN was
mixed with 7% MMW silk with 3% dimethyl sulfoxide (DMSO). The
dose of LVN was chosen for 6 months sustained release with a daily
dose of 2530 g per day.** In addition, different molecular weights of
silk were tested in terms of drug release properties (LMW, MMW, and
HMW) as well as different silk concentrations (7 and 10%). Finally,
solubility enhancer such as f-cyclodextrin (5% w/v) and a surfactant
(Tween-20, 1% v/v) were added to the MMW silk-drug solution prior
to casting to study their effect on the release profile of the LVN from the
patches. For example, for an MN made of MMW 7% silk containing 20
mg of LVN and 3% DMSO, we prepared a 5 mL of stock solution
containing 100 mg of LVN, 150 pL of DMSO, and 4.85 mL of silk
solution (7%, MMW). When Tween or -cyclodextrin was used, 50 uL
or 250 pg, respectively, was added to that stock solution. Then, S00 uL
of this stock solution was cast into the PDMS molds (Figure 1). The
molds were placed into a vacuum oven, and vacuum was applied for S
min at room temperature to remove any bubbles. The vacuum was
released for 20 s and then reapplied. This vacuum cycling process was
repeated 4—S times until there were no remaining bubbles and all of the
indents were filled with the silk mixture. The MN patches were dried
overnight on the bench-top and then removed from the molds using

tweezers, followed by water vapor annealing to increase the crystallinity
of the MNs.*
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Differential Scanning Calorimetry (DSC) Analysis. DSC analysis
was used to confirm LVN entrapment in the silk MNs. Approximately,
10 mg of LVN or MN samples were hermetically sealed in aluminum
pans (TA Instruments, New Castle, DE) and loaded into a Q100 DSC
(TA Instruments) with a dry nitrogen gas flow of 50 mL/min at a speed
rate of 10°/min.

In Vitro Release Studies. The in vitro release kinetics of LVN from
the silk MPs was tested under sink conditions, where the release media
used was able to dissolve at least 3 times the amount of LVN that is in
the samples. To maintain sink conditions throughout the release
studies, 5 mg of MPs containing a total of 0.5 mg of LVN were placed in
a Slide-A-Lyzer MINI Dialysis Device (3500 kDa) in 45 mL of 0.5%
sodium dodecyl sulfate (SDS) solution, where a dialysis membrane
separated the MPs from the release medium to prevent MP loss during
sampling. The tubes were incubated at 37 °C without shaking. The in
vitro LVN release studies from the silk MN patches were also
performed using 1 mL of PBS (nonsink conditions) at 37 °C without
any shaking. For the nonsink conditions, all media was collected at
specific sampling time points and replaced with fresh medium, while for
the sink conditions, 1 mL of sample was collected and replaced with a
fresh medium. Moreover, in the case of sink conditions, patches were
immersed in 200 mL of PBS or 5% SDS as indicated, and at each time
point, 1 mL of the media was recovered for analysis and replaced with 1
mL of fresh buffer. Sink conditions are more appropriate for release
studies for drugs with poor aqueous solubility, such as LVN, while
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Figure 4. Figure rearranged, SEM micrographs showing structure and sizes of: (a) LVN-loaded HMW MPs, (b) LVN-loaded LMW MPs, (c) LVN
alone, (d) blank HMW MPs, and (e) blank LMW MPs. Micron-size crystalline structure of LVN (c) can be detected in LVN-loaded MP micrographs
(a, b) as well, indicating the presence of free drug attached on particle surfaces and not encapsulated. The particle size distribution of MPs prepared
with the MMW silk was more homogeneous (d) when compared to the LMW MPs, as also seen in the particle size distribution data (Figure 3). Scale
bars are 10 yum.

Figure S. SEM micrographs showing the structure and size of LVN-loaded silk MNs (7%, HMW).

nonsink conditions were chosen for comparison.'® The amount of LVN series high-performance liquid chromatography (HPLC, Agilent
in the samples was quantified by liquid chromatography using a 1200 Technologies, Santa Clara, CA). An Agilent ZORBAX Eclipse Plus-
5378 https://dx.doi.org/10.1021/acsabm.0c00671
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C18 column (5 pm, 3 X 150 mm?*) (Agilent Technologies, Palo Alto,
CA) was used with a column temperature at 25 °C. The mobile phase
was optimized with acetonitrile:water with 0.1% trifluoroacetic acid
(70:30) (Sigma, St. Louis, MO) with a 1 mL/min flow rate, and the UV
detection was at 250 nm. To assess the quantity of LVN unreleased, the
patches were immersed in DMSO and the media was analyzed via
HPLC until no LVN was observed in HPLC chromatograms.

Stability Study. The stability of LVN inside the MNs was assessed
under accelerated storage studies for 30 days at 40 + 2 °C with 75 + 5%
relative humidity as recommended by FDA guidelines (Guidance for
Industry QlA(R2) for accelerated stability studies). Following
incubation, MNs were incubated in DMSO and the extracted amount
of LVN was quantified using HPLC.

B RESULTS AND DISCUSSION

Fabrication and Characterization of Silk Fibroin
Microparticles. Drug-loaded MPs were synthesized following
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Figure 6. DSC thermograms for LVN alone (control), blank MNs (no
drug, control), and LVN-loaded MNs (10 mg LVN).

the procedures we have previously described.”” MP formation
was obtained by exploiting the phase separation between
poly(vinyl alcohol) (PVA) and silk that occurs spontaneously
when the two polymers are mixed and cast into films.
Subsequently, a solution of LVN in ethanol was incubated
with the MPs for 3 days to ensure maximal loading and then
allowed dry for the removal of ethanol. LVN is not soluble in
water and has a solubility of 0.2 mg/mL in ethanol and 5 mg/mL
in DMSO. To ensure total removal of the organic solvent,
ethanol was used for the loading of the drug as the boiling point
of DMSO is too high at 189 °C.

Characterization of Silk Fibroin Microparticles. Fourier
Transform Infrared (FTIR) Spectroscopy. The characteristic

peaks of LVN are at 3300 (O—H stretching) and 1652 cm™
(C=0 stretching).”” The C=0 stretching occurs at the same
wavelength as the region for silk random coils (1650 cm™)
(Figure 2a,b). This interference renders FTIR analysis more
complex as an increase in random coil (1638—1655 cm™) as
well as fB-sheet (1622—1637 cm™) content, compared to silk
alone, was observed with increased LVN ratios in the MPs,
indicating the presence of increased levels of unbound LVN
(Figure 2c). Hence, the increase in random coil and f-sheet
content correlated with the amount of LVN loaded inside the
MPs.

Particle Size Analysis. Particle size measurements showed
that the HMW silk MPs had more uniform particle size
distributions, with an average of 13.2 um with a span of 0.358.
Particle sizes of the MMW silk MPs ranged of 6.1—21.3 ym with
an average of 14.42 ym with a span of 1.052 (Figure 3).

Scanning Electron Microscopy (SEM) Analysis of Micro-
particles. SEM images of LVN showed micron-size structures of
LVN (Figure 4c). The SEM micrographs supported the particle
size measurements as the particle size distribution was narrower
when HMW silk was used to prepare the MPs (Figure 4d,e).
According to Figure 4b, free LVN particles can be observed
visually in the LVN-loaded MPs, indicating some portion of the
drug was adhered to the surface of the MPs.

Characterization of Silk Fibroin Microneedle Patches.
Scanning Electron Microscopy (SEM) Analysis of Microneedle
Patches. SEM images showed homogeneously shaped MNs
with tightly packed porous structures with an average diameter
at the base of 493 ym. The needles looked sharp with well-
defined structures (Figure S).

Differential Scanning Calorimetry (DSC) Analysis. Drug
polymorphism can lead to variations in physicochemical
properties as well as in efficacy.”® The DSC results of free
LVN loaded inside the MNss patches showed the disappearance
of the LVN melting peak, which was at 240 °C, in the MNs
indicating the absence of free drug (Figure 6).” The absence of
free drug indicates that the drug added to the microneedles are
bound to the silk matrix and not in native crystal forms. The
presence of free drug usually increases burst release from the
formulations and is generally not desirable for sustained release
formulations. Furthermore, DSC thermograms were evaluated
in terms of polymorph transitions, as amorphous and crystalline
polymorphs of the same molecule might have different efficacy
and physicochemical properties. The absence of the exothermic
peak at 51-61 °C, showing an amorphous state of
levonorgestrel, confirmed that there were no amorphous
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Figure 7. In vitro release profiles of LVN from silk MPs (HMW) under sink conditions in 0.5% SDS solution (45 mL): (a) cumulative release in
percentage and (b) cumulative release in micrograms. LVN concentrations in the release media were determined for each time point by HPLC. Data

presented are the mean =+ SD of a triplicate (n = 3) of release samples.
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Figure 8. In vitro release profiles of LVN from silk MN patches in: (a) 1

mL PBS, (b) 200 mL of 0.5% SDS solution. LVN concentrations in the release

media were determined for each time point by HPLC. Data presented are the mean = SD of a triplicate (n = 3) of release samples.
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Figure 9. In vitro LVN release from silk—DMSO MNs (3% DMSO,
MMW silk) with high-dose LVN in sink conditions (0.5% SDS). Data
presented are the mean + SD of a triplicate (n = 3) of release samples.

polymorg;éh transitions during the microneedle preparation
process.

In Vitro Release Studies. The in vitro release kinetics of
LVN from the silk MPs showed that the MPs released LVN
continuously for up to one month reaching a total of 405.1 +
51.3 pug (82.7 + 10.5%) (Figure 7). The release kinetics of LVN
from the MN patches was similar to the MP release (Figure 8).
Under nonsink conditions, drug release was controlled by drug
solubility and no significant differences were found between the
drug-loaded MPs in the MNs and the drug-loaded MNs in terms
of release rates. Under sink conditions, the effect of the MPs was
observed, where drug release from the MP-loaded MNs was
slower than for the drug only MNs. LVN only MNs released 73.3
+ 5.9% of the drug over 43 days, whereas the drug-loaded MPs
in the MNs released 41.2 & 5.8% of the total drug over the same
period of time. This data showed that loading MPs did not
provide a significant improvement in release profiles or duration,
and reduced drug loading. Therefore, formulations were

50
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Figure 11. Quantification in percent of the secondary silk structure of
the LVN-loaded silk MNs after 0 and 30 days incubation under
accelerated aging conditions (40 °C and 75% relative humidity) based
on FTIR spectroscopy. (Data presented are mean = SD of a triplicate (n
= 3) of release samples, statistical significance within groups shown with
*p < 0.05).

adjusted to increase drug loading to 10 mg by eliminating the
MPs and using LVN alone with the addition of 3% DMSO. The
in vitro release from the high drug-loading MN’s was evaluated
under sink conditions (Figure 9). The data showed that LVN
was released from the MNs over 93 days and 51.4 + 1.1% of the
drug was released at the end of 3 months. The results indicated
that the addition of the DMSO and higher drug loading resulted
in slower LVN release as well as higher drug loading.

To provide more control over the release profiles of the drug
from the MNs, different silk formulations (concentrations and
molecular weights) were studied. The MNs with the highest
concentrations of silk (10%, MMW) released the drug at a
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Figure 10. In vitro release profiles of LVN with: (a) different concentrations and molecular weights (MWs) of silk and (b) addition of surfactants. Data

presented are the mean =+ SD of a triplicate (n = 3) of release samples.

5380 https://dx.doi.org/10.1021/acsabm.0c00671

ACS Appl. Bio Mater. 2020, 3, 5375-5382


https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00671?fig=fig11&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c00671?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

slower rate, with a cumulative release of 25.3 + 1.5% after 100
days. For the MNs at 7% silk concentrations, varying the MW
(low, medium, and high) did not have a significant effect on the
release profile of the drug after 100 days, with a release of 41.7 +
3.7,50.2 + 1.6, and 41.3 =+ 1.1% for low, medium, and high MW,
respectively (Figure 10a). After the formulations reached a
plateau in terms of release, the MN's were immersed in DMSO to
recover residual LVN trapped in the MNs to assess mass
balance. Thus, 38.5 & 12.7% of LVN was recovered for the MN’s
with the highest silk concentrations, while 40.0 & 3.7, 76.7 + 9.6,
and 72.5 + 9.3% was recovered for the low, medium, and high
MWs samples, respectively. Finally, the addition of a surfactant
and a solubility enhancer such as Tween-20 (1%) and f-
cyclodextrin (B-CD, 5%), respectively, added to the silk solution
prior to casting for MN formation, provided additional control
over the release profiles (Figure 10b). Both formulations led to
similar release profiles with a cumulative release of 61.2 + 1.1
and 62.1 + 1.7% for the Tween and B-CD, respectively, thus
provided an enhanced release compared to the silk formulation
without these additives. Indeed, f-cyclodextrin provides a
central hydrophobic cavity to host hydrophobic substrates to
enhance solubility, while Tween-20 improves drug penetration
through the skin as well as modify the hydration of the silk.””~*’

Stability Study. To ensure the stability of the drug in the
MNs, accelerated aging conditions were studied following the
guidelines provided by the FDA (Guidance for Industry
QIA(R2) for accelerated stability studies (40 + 2 °C with 75
+ 5% relative humidity)). MNs prepared with LVN were
incubated at 40 °C and 75% relative humidity for 30 days. The
patches were then immersed in DMSO, and the recovery of
LVN was quantified using HPLC. The recovery at day 0 was
102.6 + 5.6%, while the recovery after 30 days was 97.6 & 1.8%;
hence, no change in drug stability over time was observed; thus,
the MNs would be suitable for long-term storage. Additionally,
the main structural features of silk were assessed by FTIR and a
slight, but statistically significant, decrease in f-sheet fraction
between 1622 and 1637 cm™" was observed, accompanied by an
increase in random coil (Figure 11). After 90 days of incubation
at 37 °C, no degradation peak could be observed by HPLC, thus
the drug remains still active.

B CONCLUSIONS

Modifications in the formulation of the silk and the loading of
LVN enabled the tuning of the amount of drug loaded and
released from silk MN patches over extended periods of time.
The release of LVN reached up to 100 days when the drug was
loaded directly inside the MN, while the release extended past a
year when the drug was loaded inside MPs prior to casting inside
the MN patches. Moreover, all MN formulation delivered LVN
above the required daily contraceptive dosage of 30 ug/day.”
These findings suggest that a long-acting contraception patch
based on silk protein materials could be a technology advance
enabling broader access to women around the world.
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